ReS2 is considered as a promising candidate for novel electronic and sensor applications. The low crystal symmetry of the van der Waals compound ReS2 leads to a highly anisotropic optical, vibrational, and transport behavior. However, the details of the electronic band structure of this fascinating material are still largely unexplored. We present a momentum-resolved study of the electronic structure of monolayer, bilayer, and bulk ReS2 using k-space photoemission microscopy in combination with first-principles calculations. We demonstrate that the valence electrons in bulk ReS2 are -contrary to assumptions in recent literature -significantly delocalized across the van der Waals gap. Furthermore, we directly observe the evolution of the valence band dispersion as a function of the number of layers, revealing a significantly increased effective electron mass in single-layer crystals. We also find that only bilayer ReS2 has a direct band gap. Our results establish bilayer ReS2 as a advantageous building block for two-dimensional devices and van der Waals heterostructures.
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I. INTRODUCTION.
Transition metal dichalcogenides (TMDs) hold a tremendous potential for novel electronic and sensoric applications [1] [2] [3] . Being van der Waals (vdW) compounds they can be thinned down to atomically thin sheets in the same fashion as graphene, but since they include several semiconducting materials with band gaps within the optical range [4, 5] they pose a crucial addition to the available "atomic Legos" [6] as building blocks for two-dimensional devices and vdW heterostructures [3, [7] [8] [9] [10] [11] [12] [13] . For several years the majority of research in this field focused on the classical TMDs: MoS 2 , MoSe 2 , WS 2 , and WSe 2 . The bulk crystals of these materials are indirect band gap semiconductors, but undergo a transition into a direct band gap when they are thinned down to the monolayer limit [5, [14] [15] [16] . The direct band gap leads to a drastically increased performance of the monolayer compared to the multilayer equivalents regarding photon absorption and emission, or in transistor devices. ReS 2 stands out from other TMDs due to its distorted T1 crystal structure [17] , which has a drastically reduced symmetry compared to the 2H structure of classical TMDs. The low crystal symmetry results in highly anisotropic optical [18] , vibrational [19] [20] [21] [22] , and electric transport properties [23] , and therefore adds an additional degree of freedom for applications in sensor and electronic devices. However, the most basic property for these applications -the character of the band gap -has not yet been clarified and received contradicting reports in the recent literature [18, 24, 25] .
The electric transport and optical properties of a material are dominated by the band edges of the electronic structure: the valence band maximum (VBM) and the conduction band minimum (CBM). To our knowledge no experimental studies of the electronic band structure of ReS 2 have been published at this point, and the band structure calculations differ in the reported location of the band edges, the evolution of the band dispersion with the number of layers, and in the delocalization of the valence electrons across the vdW gap. A recent publication by Tongay et al. [24] reported a total twodimensional confinement of the bulk electronic structure, which would make the properties of ReS 2 largely independent of its thickness. However, this stands in contrast to the observation of strong interlayer vibrational modes in bulk ReS 2 [20, 26] , and to reports that the optical absorption [18] , photoluminescence [19] , and transport behavior [27] of ultra-thin crystals significantly depend on the number of layers.
In this article we present a momentum-resolved study of the electronic band structure of monolayer, bilayer, and bulk ReS 2 . Using k-space photoemission microscopy in combination with density functional theory (DFT) calculations we demonstrate a significant three-dimensional delocalization of the valence electrons in bulk ReS 2 . We directly observe the layer-dependent evolution of the valence band dispersion in our photoemission experiments, which reveal a relocation of the VBM within the Brillouin zone (BZ), and a drastically increased effective mass of the valence electrons in monolayer ReS 2 compared to thicker crystals. In addition our many-body GW calculations of the band structure allow for the identification of the CBM, showing that only bilayer ReS 2 has a direct band gap.
II. RESULTS AND DISCUSSION.
To access the three-dimensional valence band dispersion of the ReS 2 bulk crystals experimentally we performed k-space microscopy measurements [28] with different photon energies, and analyzed our data using the free-electron final state (FEFS) model. The electron momentum components k x and k y parallel to the sample surface can be measured directly, since they are conserved in the photoemission process, and the k z component can be derived from the kinetic energy of the photoelectrons. Figure 1 (a) shows the k-space images as they are measured by the energy-filtered photoemission electron microscope (PEEM) in momentum mode with the surface BZ indicated in blue. One can clearly see that the observed bands do not strictly share the periodicity of the surface BZs. On top of intensity variations due to vanishing matrix elements, the position of the bands within each surface BZ is clearly different, since it corresponds to a different position within the bulk BZ in the k z direction. This observation is already a strong indication for a delocalization of the valence electrons across the van der Waals gap. Figures 1 (b-d) depict the origin of the photoelectrons within three-dimensional k-space according to the FEFS model for two different kinetic energies. Since all reciprocal lattice vectors have nonzero z-components, the adjacent bulk BZs are vertically displaced with respect to each other. As a result, a constant binding energy E bin cuts through each BZ at a different relative height (k z ), which explains the different appearance of all surface BZs in fig. 1 (a) .
For a detailed analysis of the k z dispersion we repeated the measurement of the valence band spectrum at different photon energies in the range of 82 eV -112 eV. Figure 1 (e) shows three selected E bin versus k cuts through the photoemission data (see fig. 1 (b) ), each taken with two different photon energies. In addition, we performed DFT band structure calculations using the FEFS model to determine k z , and assuming an inner potential V 0 = 11 eV, which was obtained by optimizing the overall agreement to the photoemission data. For the selected photon energies 88 eV and 109 eV, at k = 0 the topmost valence band corresponds to Γ and to the A point respectively. While the photoemission data reveals a pronounced maximum at the A point, the dispersion at Γ appears rather flat, which agrees well with the calculations. Figure 1 (f) shows a reconstruction from the photoemission data at k = 0 from all measured photon energies, and therefore corresponds to the Γ-A direction. The dispersion of the topmost valence band appears slightly stronger in the calculation than in the photoemission data. However, the experimentally observed bands in this plot appear rather broad, which is likely caused by the finite sharpness of the k z selection in the photoemission process. Due to the low inelastic mean free path of the photoelectrons, which should be in the order of 2 -3 Å [29] , one can use the uncertainty principle to estimate ∆k z ≈ 0.3 − 0.5 Å −1 compared to a BZ height of 1.03 Å −1 . Nevertheless, the experimental data agrees well with the calculations, and also finds the VBM at the A point and a local band minimum at Γ. This observation of a strong out-of-plane dispersion is a direct proof of a significant delocalization of the valence electrons across the vdW gap, and shows that the layers in the bulk are not electronically decoupled.
The observation of a sizable inter-layer interaction also implies a thickness-dependence of the electronic structure. We investigated the layer-dependence of the valence band structure by performing further k-space microscopy experiments on exfoliated ReS 2 monolayers and bilayers placed onto highly oriented pyrolytic graphite (HOPG). The results are shown in fig. 2 . The samples were prepared ex-situ and were cleaned for the photoemission experiments purely by degassing at 150
• C. Samples that were placed directly on SiO 2 could not be sufficiently cleaned by this method. HOPG is metallic, which suggests that the ReS 2 is not sufficiently decoupled from the substrate to be interpreted as freestanding layers. However, as one can see in fig. 2 (d) the surface BZ of HOPG is significantly larger than the one of ReS 2 , and the only HOPG states close to the Fermi level are the s-p-bands at the BZ edges. Therefore, the first BZ of ReS 2 is unobscured by the HOPG bands, and without matching states for hybridization they can be interpreted as the bands of freestanding ReS 2 . For the bilayer our data reveals a pronounced VBM at the Γ point, while the dispersion in the BZ center of the monolayer appears quite flat. The drastic differences between the electronic structure of bulk, bilayer, and monolayer ReS 2 close to the VBM can be interpreted as a direct result of the increasing quantum confinement in two dimensions as the crystal is thinned down. In the monolayer limit the strong dispersion in the Γ-A direction that we found in the bulk crystal is quenched completely, leading to an increased binding energy of the VBM. This mechanism explains the reports of a blue shift of the optical transitions with a decreasing number of ReS 2 layers [18, 19, 24] , and is the same behavior that was observed for classical TMDs [5] , where the VBM is also located at the Γ point with a strong k z dispersion. However, it has been unclear if ReS 2 also undergoes a band gap transition similar to materials such as MoS 2 .
Since our photoemission data only reveals the valence band structure, we have to rely partially on band structure calculations to investigate the band gap character. For an accurate treatment of the conduction band structure we performed GW calculations. Figure 3 shows our GW calculations for a monolayer, a bilayer, and a 3-layer slab, as well as for bulk ReS 2 in selected high symmetry directions of the two-dimensional surface BZ. The bulk band structure is color coded for the out-ofplane momentum component k z . The calculations are in good agreement with the photoemission data, and find the same character of the VBM, which is a distinct maximum at the Γ point of the bilayer and a plateau-like region without significant dispersion close to the Γ point of the monolayer. Based on the CBM that can be identified in our calculations we find an indirect gap for any number of layers except for the bilayer, which has a direct band gap. In all cases the band edges are almost degenerate to the smallest direct inter-band transition and are hardly separated in momentum space. In classical TMDs the band gap transition is so pronounced because the quantum confinement shifts the bulk VBM at the Γ point below the distinct valleys at the BZ edges, which do not exist in ReS 2 in this form. The indirect character of the gap is by far less pronounced in ReS 2 , which is a likely explanation why recent studies found indications for both an indirect and a direct gap. The fundamental band gaps predicted by the GW approximation are 1.85, 1.70, and 1.57 eV for the monolayer, bilayer, and bulk, respectively. In terms of the valence band structure our GW calculations are equivalent to our results from DFT. It is worth mentioning that the indirect character of the bulk band structure found in the GW calculations is a result of the many-body effects that are not incorporated in the GGA calculations. The conduction band structure in the GGA calculations is slightly different from GW and shows a direct band gap at the A-point (see supporting information for comparison).
Another interesting aspect that is revealed by our results is that the thinning step from bilayer to monolayer, which enforces the complete confinement of the valence electrons within two dimensions, is accompanied by a significant decrease of the valence band dispersion in the x-y-directions as well. This observation can be interpreted as an increased effective mass of the electrons close to the VBM. Recently, it was found in layer-dependent transport measurements that monolayers of ReS 2 have a drastically reduced conductivity compared to bilayers or thicker crystals [27] . Apart from the larger band gap, this behavior was attributed to a significantly stronger influence of impurities and the interface. Our results rather suggest an intrinsic mechanism that suppresses the delocalization of VBM electrons within the x-y-plane. This behavior could significantly impact the electron mobility for single monolayer crystals.
III. CONCLUSIONS.
Using a combination of k-space photoemission microscopy and band structure calculations we have presented a thorough, momentum-resolved study of the electronic band structure of monolayer, bilayer, and bulk ReS 2 . By showing a significant out-of-plane delocalization of the valence electrons we have demonstrated that -contrary to assumptions in the recent literature -the layers of bulk ReS 2 are not electronically decoupled. We identified the layer-dependent position of the VBM in our photoemission data, and in combination with our band structure calculations we concluded that only bilayer ReS 2 has a direct band gap, although the indirect character of the gap for other crystal thicknesses is far less pronounced than in classical TMDs. Furthermore, our results have shown that in monolayer ReS 2 the valence electrons at the VBM suffer from a drastic increase of their effective mass, suggesting an intrinsic mechanism that could reduce the electron mobility in the in-plane directions compared to bilayers or thicker crystals. For many applications this feature in combination with the direct band gap would make ReS 2 bilayers a preferred choice in comparison to monolayers or thicker crystals.
IV. METHODS
A. Sample Preparation.
The ReS 2 single crystal was bought from HQGraphene and cleaved in air with adhesive tape immediately before it was introduced into ultra-high vacuum and degassed at 250
• C. Atomically thin ReS 2 samples were produced ex situ by mechanical exfoliation from a bulk crystal. Using an all dry viscoelastic stamp method, which is described in Ref. [30] , a ReS 2 sample that simultaneously contained monolayer as well as bilayer areas was transfered onto HOPG. The thickness of the ultra-thin sample areas was identified by the optical contrast in the transmission mode of an optical microscope. In situ the atomically thin samples were degassed for one hour at 150
• C. PEEM images of the samples and optical microscope images taken before and after the transfer process are shown in the supporting information.
B. Photoemission Experiments.
The photoemission experiments on the ReS 2 bulk crystal were performed at the NanoESCA beamline of Elettra, Trieste, using a modified FOCUS NanoESCA. Homogeneous areas on the cleaved surface were identified using PEEM in real space mode and Hg lamp as excitation source. The lateral resolution of the kresolved photoemission maps was limited by the beam size (10 µm×10 µm) ruling out the influence of step edges and grain boundaries. The total energy resolution was better than 100 meV. Due to the highly focused synchrotron beam on the sample, the spectra suffered from charging effects, which were corrected in the data by an energy offset of 100 − 150 meV. The photoemission experiments on the atomically thin ReS 2 samples were performed at the UE49 SPEEM endstation of BESSY II, Berlin. Using the field aperture of the PEEM the field of view in real space was limited to ≈ 5 µm. This way the monolayer and bilayer parts of the sample could be selectively measured in momentum mode. The total energy resolution was 300 meV.
C. Band structure calculations.
Calculations were carried out with the DFT code fleur [31] and the GW code spex [32] , which use the allelectron full-potential linearized augmented-plane-wave (FLAPW) formalism. The electron density was obtained with the Perdew-Burke-Ernzerhof (PBE) functional. We used the experimental lattice structure of Ref. [17] . The calculations of the monolayer, bilayer, and 3-layer slab were performed with a tight-binding Hamiltonian with ab-initio parameters obtained from the bulk GW calculation. Maximally localized Wannier functions, generated by the wannier90 library, [33] were used as a basis.
